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Abstract—A 10 GHz hybrid Y-Ba-Cu-O / GaAs microwave
oscillator proximity coupled to a circular microstrip antenna
has been designed, fabricated and characterized. The oscillator
was a reflection mode type using a GaAs MESFET as the active
element. The feedline, transmission lines, rf chokes, and bias
lines were all fabricated from YBa,Cu,0,_, superconducting
thin films on 2 1 cm X 1 ¢m lanthanum aluminate substrate.
The output feedline of the oscillator was wire bonded to a
superconducting feedline on a second 1 cm X 1 em lanthanum
aluminate substrate, which was in turn proximity coupled to a
circular microstrip patch antenna. Antenna patterns from this
active patch antenna and the performance of the oscillator
measured at 77 K are reported. The oscillator had a maximum
output power of 11.5 dBm at 77 K, which corresponded to an
efficiency of 10%. In addition, the efficiency of the microstrip
patch antenna together with its high temperature superconduct-
ing feedline was measured from 85 K te 30 K and was found to
be 71% at 77 K, increasing to a maximum of 87.4% at 30 K.

1. INTRODUCTION

The application of high temperature superconducting
(HTS) thin films to microwave circuits is advantageous
since the films have a lower surface resistance than gold
or copper at microwave frequencies. Passive circuits such
as ring resonators [1], [2], filters [3], transmission lines [4],
and antennas [5] fabricated from HTS films have shown
substantial improvements in performance over identical
circuits fabricated with normal metals. Several authors
have suggested that HTS technology may be very benefi-
cial in phase-array antenna systems [6], [7]. To date, a
limited amount of work in the area of passive microstrip
antennas has been reported [5]. However, for HTS to be
useful in phased array antennas, active circuits such as
oscillators, phase shifters and power amplifiers, will need
to be integrated with radiating elements so that beam
control and /or scanning may be realized. Because of the
limited amount of available space in high frequency ar-
rays, some authors have suggested the use of an active
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patch antenna as the radiating element. By using active
patch antennas, the problem of rf distribution to each
radiating element is minimized and space is made avail-
able for phase shifters and power amplifiers.

In this paper, we report a first demonstration of a
HTS/GaAs hybrid active patch antenna consisting of a
hybrid oscillator on one substrate, and a feedline proxim-
ity coupled to a circular microstrip patch antenna on a
second substrate. The patch antenna was printed on alu-
mina (e, = 9.9) to reduce the effective permittivity seen
by the radiator. The performance of this active antenna
was measured at 77 K.

I1. DESIGN

Since our objective was to implement the entire oscilla-
tor on a single substrate to be cooled to 77 K, the
S-parameters of the transistors were first obtained by
measurements at cryogenic temperatures for use in the
design of the oscillator. The active device used in the
oscillator was a low noise MESFET with a gate length of
0.25 um (Toshiba GaAs MESFET, part no. JS83830-AS).
The S-parameters of the FET for the frequency range of
2 GHz to 26 GHz were measured over a range from room
temperature (300 K) to 40 K. The magnitude and angle of
the S-parameters at 10 GHz as a function of temperature
are shown in Fig. 1. The S-parameters as a function of
frequency at 300 and 77 K will be presented elsewhere [8].
Of the S-parameters, the largest change in magnitude as a
function of temperature occurred for the S,, values. This
was due to an increase in the electron’s mobility at the
reduced temperatures. The variation in phase of S, and
S5 was the only other major change. The percent change
of the magnitude and phase of the S-parameters at the
design frequency of 10 GHz due to the change in the
temperature from 300 K to 77 K is listed in Table I.

The oscillator was designed using simulations per-
formed with a commercially available software package
(Touchstone) under the assumption that the drain current
would be held at 7, = 10 mA, and that the temperature
would be held at 77 K. The design used a parallel coupled
ring resonator in the matching network off the drain for
the frequency stabilization. Using the small signal §-
parameters that were measured at 77 K, the input reflec-
tion coefficient at the drain was made very large by
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Fig. 1. Magnitude and angle of the S-parameters of the GaAsFET at
10 GHz as a fuoction of temperature. The magnitude of §,, has been
magnified by a factor of 10 for clarity.

TABLE 1
PERCENT CHANGE OF THE S-PARAMETERS FROM
300 K10 77K a1 10 GHz

Su .5‘~ S
Magmtude Phase Magmtude Phase Magmtude Phase Magmtude Phase
34% 162% 25.6% 84% 48% 62% 267% 27.1%

varying the length of the transmission lines on the source
and the gate. The selected lengths of the transmission
lines from the source and gate were 1.57 mm and 2.79
mm, respectively. Both were open circuited lines. The ring
resonator, with a fundamental resonant frequency of 10
GHz, which was used to select the frequency of operation
was place ’\3/4 from the drain of the transistor, parallel
coupled to the output transmission line using a 40-pum
wide coupling gap. The matching network, including the
ring resonator, was designed such that the magnitude of
the real part of the impedance of the matching network
was less than the magnitude of the real part of the
impedance looking into the drain of the FET. The magni-
tude of the imaginary part of the impedance was equal to
zero at the resonant frequency. With this criterion met,
the 10-GHz oscillation will start upon proper biasing of
the FET. The output of the oscillator was taken off the
drain. The physical layout of this reflection mode oscilla-
tor is shown in Fig. 2.

The antenna used for this investigation was a circular
microstrip patch which was proximity coupled to a mi-
crostrip feedline. The feedline for the antenna was pat-
terned on a second substrate for two reasons: this method
allowed for the testing of both the oscillator and the
antenna separately to determine their performance, and
secondly, a HTS thin film with an area large enough to
pattern the entire circuit was available.

The resonant frequency of the circular antenna patch
was found from the formula [9):

f=5—= (1
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&

Physical layout of the hybrid 10 GHz superconductor/GaAs
oscillator designed using the reflection method.

Fig. 2.

where a, is the effective radius of the patch
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Here, d is sum of the thickness of the two substrates
between the patch and the ground plane and a is the
physical radius of the patch, Because the patch was printed
on an alumina (e, = 9.9) substrate with a thickness of 254
pm while the feedline and ground plane were on lan-
thanum aluminate (e, = 23) with a thickness of 508 um,
the value for the net e, of this dual layer substrate to use
in (1) and (2) was found using a static capacitor model

KT

€= T
4 2¢ + e,

(3)

to be 16.0, resulting in the diameter of the patch equaling
4.02 mm. Measurements showed that a slightly larger
diameter of 4.71 mm resulted in a resonance closer to the
desired frequency of 10 GHz. The resonant frequency of
the patch was tuned to match the output frequency of the
oscillator by adjusting the position of the patch over the
feedline.

TI1. EXPERIMENTAL DETAILS

An HTS film was patterned into the oscillator using
standard positive photolithographic techniques and etched
with an aqueous solution of deionized water :
H;PO, :: 100: 1. This film was a commercially purchased
film deposited using an off-axis sputtering technique and
had a critical temperature of 88.6 K after patterning.
Contacts to the superconductor for the rf output and wire
bonding pads were made of silver with a gold overlayer
patterned by lift-off photolithography. Wire bonding pads
were located at the bias pads as well as at the ends of the
transmission lines near the FET. The GaAs FET was
epoxied onto the substrate and wire bonds were made to
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the transmission lines with 0.7 mil gold wire by ther-
mosonic bonding. A copper ground plane with a thickness
of 2.4 um was deposited on the backside of the substrate.

A second HTS thin film was used for the antenna
feedline. A YBa,Cu,0,_, thin film was deposited by
pulsed laser deposition onto this substrate [10]. The film
had a critical temperature of 86 K. This film was pat-
terned in the same way as the oscillator into a 50 ohm
transmission line that was 160 um wide and 5 mm in
length. A silver/gold contact was deposited at the end of
the feedline for ribbon bonding, and a 2-um copper
ground plane was evaporated on the backside of the
substrate. An alumina substrate with the patt.ined an-
tenna patch was placed on top of the feedline and held in
place with small amounts of fingernail polish at the edges.

The performance of the oscillator was measured on a
spectrum analyzer at 77 K by mounting the circuit in a
sealed brass test fixture and submerging the fixture in
liquid nitrogen. Details of the procedures used for mea-
surement will be presented elsewhere [8]. The antenna
with its HTS feedline was measured by placing the circuit
on a copper test fixture and mounting the fixture on the
second stage of a closed cycle gas refrigerator. A high
density polyethylene radome served as a vacuum chamber.
Details of the experimental apparatus and procedures
have been presented et =where {5].

The efficiency of the antenna together with its HTS
feedline was measured using the Wheeler Cap method
[11]. To do this, the input impedance of the antenna at
resonance was measured with and without a radiation
shield from 30 K up to 85 K. The efficiency (5) was then
calculated as:

=1- 4
n R (4)
where R, and R,, are the input resistances with and
without the radiation shield, respectively. For this work,
an aluminum cap with an inner dimension of 12-mm
wide X 12-mm deep by 6.8 mm high was used as the
radiation shield. Electrical contact to the test fixture was
ensured with silver paint.

The oscillator and antenna circuits were then mounted
with silver paint onto a brass test fixture. The rf connec-
tion between the two substrates was made by ribbon
bonding to the contacts on the feedline of antenna and
the output of the oscillator (Fig. 3). The test fixture was
then mounted in the closed-cycle gas refrigerator and
covered with the high density polyethylene radome. An
X-band horn attached to a pivoting arm served as the
receive antenna to measure the radiation pattern of the
active patch antenna in the far field as a function of angle.

IV. RESULTS AND DISCUSSION

The output power and frequency of operation of the
hybrid oscillator were measured to verify its performance
before bonding the oscillator to the antenna circuit. The
maximum power attainable from the oscillator at 77 K

HTS Circuits

Gold Antenna Patch

Alumina Subsirate
LaAlQ ; Substrates

Fig. 3. Physical layout of the active antenna. The gold patch was on an
alumina substrate place over a superconducting feedline on a LaAlQ,
substrate. The oscillator and patch antenna were ribbon bonded together.

was 11.5 dBm at a bias of V;, =4.0 V and V,, = 0.0 V.
The sensitivity of the frequency to temperature was — 10
MHz/K at 77 K. Detailed results of the measurements
performed on this oscillator as a function of temperature
and bias will be presented elsewhere [8]. For the active
antenna measurements at 77 K, the FET was biased at
Vi =05 V and V,, = —0.5 V which. gave a current of
1; = 12 mA. For this bias condition, the frequency of the
signal was 10.082 GHz with an output power of —2.0
dBm. The efficiency of the oscillator was 10.5%. The
power of the second harmonic at 20.16 GHz was 35 dB
less than the fundamental signal at 77 K.

The efficiency of the antenna was measured before
bonding the antenna to the oscillator circuit. The effi-
ciency as a function of temperature is shown in Fig. 4. As
expected, the efficiency rises dramatically as the HTS film
becomes superconducting and then increases slowly as the
temperature decreases, due to the increase in the conduc-
tivity of the HTS feedline. This trend was in agreement
with the measured performance of HTS ring resonators.
The efficiency reaches a maximum of 87.4% at 30 K.

The measured antenna patterns with the superconduct-
ing oscillator driving the antenna are shown in Fig. S,
along with the patterns predicted for the co-polarization
by the cavity model [12]. The H-plane shows good agree-
ment with the model, while the E-plane deviates substan-
tially due to surface waves and the feedline, neither of
which are accounted for in the model used. This is in
agreement with results published by Schaubert er al. [13]
which demonstrated that antennas on high permittivity
substrates are characterized by perturbations in the E-

“plane pattern. The 12 dB dip in the E-plane and the cross

polarization patterns at an angle of 15 degrees was almost
certainly due to radiation interference from the resonator
and microstrip lines on the oscillator.

V. CONCLUSION

The performance of a 10 GHz active antenna employ-
ing a Y-Ba-Cu-O superconducting feedline and resonator
stabilized oscillator has been demonstrated for the first
time. The patch antenna and the hybrid oscillator were
fabricated on scparate LaAlO, substrates. The measure-
ments on the antenna showed that it was 71% efficient at
77 K and 87.4% efficient at 30 K. The oscillator had a
maximum power of 11.5 dBm and was 10.5% efficient at
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Fig. 4. Efficiency of the patch antenna as a function of temperature
measured from 30 K to 85 K. The efficiency at 77 K was 71%.
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Fig. 5. Radiation patterns for the patch antenna at 77 K. a) H-plane
radiation patterns comparing the cavity model (solid line) with the
co-polarization data (open circles) and also displaying the cross polariza-
tion data (open squares). b) E-plane radiation patterns comparing the
cavity model with the co-polarizaton data and also displaying the cross
polarizaton data.

77 K. The sensitivity of the frequency as a function of
temperature was — 10 MHz /K. The radiation patterns for
the oscillator were measured as a function of the angle
and compared to a cavity model for a driving power from
the oscillator of —2.0 dBm. The H-plane showed good
agreement with the model, while interference due to the
oscillator was present in each trace except the co-polariza-
tion of H-plane.
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Abstract—-A 64 element, 30 GHz, microstrip antenna
array with corporate feed nctwork was designed and built
on a .25 mm (10 mil)- thick lanthanum aluminate
substrate. One antenna pattern was fabricated from gold
film, and a2 second pattern used TICaBaCuO high
temperature superconductor. Both antennas used gold
ground planes deposited on the reverse side of the
substrate. Gain and radiation patterns were measured for
both antennas at room temperature and at cryogenic
temperatures.  Observations agree well with simple
models for loss and microwave beam width, with a gain on
boresight of 20.3 dB and beam width of 15 degrees for the
superconducting antenna..

I. INTRODUCTION

When microstrip antenna design [1] is extended to
microwave frequencies above 30 GHz, .certain difficulties
become apparent. Losses due to surface waves [2] and
radiation [3] become more significant than at lower
frequencies. Both of these losses may be reduced by
decreasing the thickness of the substrate, drawing the ground
plane closer to the microstrip traces. However, the trace
widths must also be reduced in order to maintain a given
transmission line impedance. The narrower lines have high
resistive losses when conventional metals are used to form the
traces. For copper traces on a .152 mm (6 mil) thick sapphire
substrate, for example, a 30 GHz phased array with 40 dB
directivity will have more than 25 dB of loss [4]. In order to
reduce these resistive losses, high temperature
superconducting (HTS) materials may be used to form the
feed networks for high gain phased array antennas [5]. When
a high quality HTS film on .254 mm (10 mil) lanthanum
aluminate (LAO) is used instead of copper for a 30 GHz
antenna of 40 dB directivity, the loss is only 3 dB [4]. This
paper describes the design, construction, and performance of
the first 30 GHz, 64 element phased array antenna that uses
an HTS feed network. The successful implementation of HTS
circuits with this relatively low gain antenna supports the
position that high gain millimeter wave antennas would
benefit from use of the new superconductors.

Manuscript received August 24, 1992. Resca'rch supported in part
by NASA Headquarters, Satellite Communications Applications
Research (SCAR) Program.

1. ANTENNA DESIGN
A. General Design

For ease in fabrication, and in order to compare HTS
performance with copper performance, we selected an array
design with 64 rectangular patches arranged in an 8 x 8
square pattern (Fig. 1). Element spacing was 4500 pm,
which is slightly less than one-half of the free space
wavelength. This reduced spacing allowed us to place the
entire array on a 50.8 mm (2 inch) diameter wafer of LAQ,
without appreciably changing the radiation” pattern of the
antenna, Wafer thickness was chosen to be .254 mm (10
mils), with a gold ground plane on the reverse side. The
corporate feed network uses 50 ohm lines, which are split to
the patch elements by means of six levels of quarter wave
-microstrip transformers. The relative dielectric canstant of
LAO is approximately 24 [6), which results in a microstrip
line width of 92 pm for this geometry. '
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Fig. 1 Layout of patch elements and feed network for the
30 GHz phased array antenna. Wafer diameter is

50.8 mm (2 inches).

© 1993 |EEE. Reprinted, with permission, from IEEE Transactions on Applied Superconductivity, vol. 3, no. 1, Mar. 1993,

pp. 2844-2847.

231

PRECEDING PAGE BLANK NOT FILMED



B Antenna Patch Elements

Because of the uncertainty in material properties and the
1 lication of microwave design rules for substrates with
wch Ligh diclectric constant, we designed, fabricated, and
psted single patches at 15 GHz first, in order to determine
phe validity of our models for devices on LAO at MMW
Muencies. We then extended the design to 30 GHz patches,
which were then used in arrays. The patches are rectangular,
with width W and length L (Fig. 2). A microstrip line feeds
directly to a notched input of depth d. The calculation of the

tch resonance frequency is not difficult, but an accurate
alculation of patch impedance is nontrivial, We use a Mixed
potential Integral Equation (MPIE) approach [7]. This is one
of several “full wave' models, which should give good values
for patch impedance, surface wave components, and radiation
patterns. The patch impedance is needed in order to couple
the microwave power cfficiently into the patch. The antenna
efficiency is determined in part by the resistive losses of the
patch, and also by the energy lost to surface waves.

The edge impedance of a rectangular patch on LAO is
very high, requiring the use of the notch, which allows
coupiing near the center of the patch, where the impedance
goes to zero. We select a point where the impedance is 100
ohms, and use a quarter wave transformer to match the 50
ohm input line to this point. Typical values are W=3000 y.m,
L=2000 .um, and d=782 pm for a resonance frequency of
14.84 GHz, and theoretical input impedance of 78 ohms. The
measured impedance in this case was 72 ohms. For the 64
tlement array, we used patches with W=1350 pm, 1.=900
pm, and d=337 pum. These elements have a predicted
rescnance frequency of 31.25 GHz, and input impedance of
100 ohms.

W

d

I

Fig. 2 Antenna patch element, showing quarter wave input
transformer.
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C, Surface Waves

The high dielectric constant of LAO means that even a
254 mm (10 mil) substrate is electrically thick, While the
cutoff frequency for propagation of the TEq surface wave
mode is about 60 GHz, the TMy mode is supported at all
frequencies. This can be a source of energy loss. We have
calculated the radiation efficiency of a single patch, using an
electric surface current model [8] to estimate the surface wave
losses. At 15 GHz, the single patch efficiency is about 84
percent. At 30 GHz, the efficiency drops to about 60 percent.

In theory, the efficiency of an array can be improved
considerably over this value by carefully placing the radiating
elements at the correct distance apart, so that the surface
wave components destructively interfere. The spacing can
also be chosen so that the spatial part of the radiation
constructively interferes. Both are possible at the same time
because the wavelength of the surface waves is nearly one
fifth of the free space wavelength. In practice, however, the
presence of the feed network makes it difficult to predict the
exact propagation constants in the structure, so that surface
'waves can be suppressed.

OI. FABRICATION

The preliminary single patches at 15 GHz and 30 GHz
were fabricated at Ball using 4 pm thick gold on .254 mm (10
mil) thick LAO, with a titanium adhesion layer. Both plate
up and ctch down processes were used. Gold ground planes
were deposited on the reverse side of the LAO. The diced
patches were soldered with indium to gold plated metal
carriers made of Alloy 48, which matches the coefficient of
thermal expansion of the LAO. The carriers were then
mounted in a test fixture, using gold nibbon bonds to
microstrip launchers, which in turn were bonded to “V-type’
microwave connectors.

The 64 clement array was patterned by Superconductor
Technologies, Inc. on a 50.8 mm (2 inch) diameter, .254 mm
(10 mil) thick LAO. One array was formed with 3 um thick
gold film, using a titanium-tungsten adhesion layer, and a
second array was formed with Tl;CaBa;CuyOg high
temperature superconductor. Both arrays used a gold ground
plane deposited on the reverse side of the LAO. The S0 ohm
microstrip feed line, as shown in Fig. 1, passes to the edge of
the wafer, where a gold ribbon bond is made to a microstrip
launcher. In the case of the HTS array, a gold contact strip is
deposited over the superconductor near the end of the wafer,
for bonding purposes. As with the single patches, the wafer
is soldered to a gold plated fixture using an indium alloy. On
both the gold and the HTS arrays, line widths were held to a
lolerance of about 3 um. Substrate thickness variations were
less than .025 mm (1 mil).

il
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IV. PERFORMANCE

The resonance frequency of both the gold and the HTS
arrays was measured at Ball, at both room temperature and
liquid nitrogen temperatures. The gold array was resonant
at 30.7 GHz (room temperature) and 31.1 GHz (77 K). The
HTS array was resonant at 30.55 GHz (77 K). A calibrated
gain measurement of the gold array was made at Ball, at
room temperature. The measured gain, on resonance and
on boresight was 15.6 dBil (H-plane). The 3 dB beam
width was 13 degrees. The relative gain of the gold and
HTS antennas at cryogenic temperatures was then measured
at NASA Lewis Research Center. We express the
normalized gain, G, of an antenna in terms of the usual §-
parameters:
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Then the efficiency of the HTS antenna relative to the gold
antenna is just

= GHTS /GAv

EHTS—AII

@)

Fig. 3 gives the efficiency of the HTS antenna relative 1o the
gold antenna at 300 K and also relative to the gold antenna at
the same temperature as the HTS antenna. At 77 K, the HTS
antenna is 4.7 dB higher gain than the gold antenna at room
temperature. We therefore conclude, using the calibrated
gain measurements of the gold antenna, that the gain of the
HTS antenna at 77 K is 20.3 dBi. This is to be compared
with the maximum possible gain (no losses) 0f 22.2 dBi. The

inferred loss of 1.9 dB can easily be attributed to losses in the
microwave connectors, gold ground plane, and surface Waveg,
Indeed, the predicted maximum loss due to surface Waveg
alone is 2.2 dB. Using a simple model of resistive losses in
the feed network, we expect the gold antenna losses at 309 X
tobe 3.8 dB, and 2.2 dB at 77 K. Similarly, we expec the
HTS losses to be .4 dB at 77 K. The measured £ains are iy
reasonable agreement with these estimates.

Fig. 4 and Fig. 5 give the E-plane and H-plane radiatiog
pattern measurements for the HTS antenna at 77 K. These
two measurements are in excellent agreement with the
predicted patterns, showing the first side lobes at -13 dBe,
with good symmetry. The slight skewing of the central lobe
may be attributed to asymmetry in the measurement fixture,

Fig. 4 E-plane radiation pattern, normalized to 20 dB.
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Fig. 5 H-plane radiation pattern, normalized to 20 dB.

V. SUMMARY

Thé measured performance of a 30 GHz, 64 ¢lement

phased array antenna with a superconducting feed network
agrees well with theory. The antenna loss is only 1.9 dB, and
the radiation patterns behave as predicted. These results
support the contention that significant gain improvements are
possible in a high gain millimeter wave antenna that uses an
HTS feed network.
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